This paper presents an approach for modeling and disturbance compensation in multi-axis shaking table systems. Shaking table system is one of the facilities for seismic tests, where the accurate reproducibility of earthquake acceleration waveforms is essentially desired to evaluate the precise vibratory responses of specimen. However, the rotational motion due to overturning moment of specimen generates as a disturbance for the actuator control system, resulting in the lower reproducibility for the desired earthquake acceleration by deterioration of table motion performance. In order to compensate for the disturbance, at first, the simulator of shaking table including the specimen and control system is modeled using a multibody dynamics analysis including in a control CAD software. Based on the simulator, compensation signals that can cancel the disturbance are generated by an iterative learning control on the simulation, where the compensation signals are stored as time-series data. By using the compensation signals in the actual experiments, effects of the disturbance can be suppressed by the compensation signals in a feedforward control manner without repetitive actual excitations. The effectiveness of proposed control approach has been verified by experiments using a laboratory prototype.
Introduction
Shaking table systems are applied to earthquake-proof evaluations and/or analyses for a wide variety of constructive structures such as tall buildings, large bridges, power facilities, transportation systems, etc, where the desired earthquake acceleration should be exactly reproduced (Clark, 1992, Tagawa and Kajiwara, 2007) . In order to provide the accurate seismic responses, the shaking table system should be excited with the desired high precision vibration, e.g. the actual acceleration waveforms detected by the actual earthquakes.
The shaking table system generally consists of electro-hydraulic servo systems including a servo valve, a cylinder as an actuator, a table, and sensors. The main purpose of the shaking table system is to reproduce the exact earthquake acceleration for the specimen on the table, where the reproducibility of acceleration waveforms depends on the control performance of the actuators. However, the reproducibility of acceleration waveforms is deteriorated by disturbances, such as reaction force generated by vibrations of the specimen and rotational motion due to overturning moment of the specimen on the table during the excitation. In order to solve the problems, practical control methodologies have been already proposed, such as the reaction force feedback compensation using force sensors (Dozono et al., 2004) , the disturbance observer (Iwasaki et al., 2005) , the adaptive feedforward compensations (Seki et al., 2009, Stoten and Shimizu, 2007) , the model-based feedforward compensation to cancel the disturbance (Seki and Iwasaki, 2012) , etc. In the above controller design approaches, although the evaluation of control performance and the parameter tuning of controller as the pre-experiments are essentially required to perform the precise shaking tests, the actual experiments using shaking table systems are difficult from the viewpoints of high costs and time consuming for construncting and installing a specimen on the table. As one of the model-free compensation approaches, the offline iterative compensation (OIC) approach has been actually applied to compensate for the disturbances in the multi-axis shaking table systems, where the compensation signals are generated by repetitive trial excitations (Nowak et al., 2000) . However, the trial excitation using the actual system yields several problems, e.g. high-cost operation, damage of specimen, etc.
In the controller design of shaking table systems, therefore, precise simulators of table motion including control system and dynamics of actuator and specimen should be strongly applied as a virtual test (Tagawa et al., 2005) to speed up development time of the controller. From the viewpoint of control engineers, the simulator should be especially constructed in consideration of the easy implementation and modification for the specimen and/or shaking mechanisms as well as the accuracy of simulation. In addition, various control approaches should be proposed to response to the diversity of specimen and/or shaking test procedures, and they should be selectively used in consideration of the property and constraint of each shaking test. This paper presents an approach for modeling and disturbance compensation in multi-axis shaking table systems, where the main target is to reduce the number of excitation tests comparing to the conventional OIC approach. Especially, this paper focuses on the problem of rotational motion due to the overturning moment of specimen, which is one of the deterioration factors for the reproducibility of acceleration waveforms. In the control approach, at first, the shaking table including the specimen is modeled using a multibody dynamics analysis software (RecurDyn by FunctionBay, Inc.) (FunctionBay K.K., 2014 , Hong et al., 2006 , Suzuki et al, 2002 , Suzuki, 2012 , where a precise simulator including control system and mechanism is constructed by integrating the multibody dynamics software and a control CAD software (MATLAB/Simulink by MathWorks, Inc.). Based on the simulator, the compensation signals that can cancel the disturbance are generated by an iterative learning control on the simulation , where the compensation signals are stored as time-series data. By using the compensation signals, effects of the disturbance can be suppressed by the compensation signals in a feedforward control manner without repetitive trial excitations. In addition, this approach has an advantage which does not need to change the conventional control system. The effectiveness of proposed control approach has been verified by experiments using a laboratory prototype.
2. Configuration of target shaking table system and simulator 2.1. Configuration of 2-dimensional shaking table Figure 1 (a) shows an overview of a 2-dimensional (2D) shaking table system as a laboratory prototype, while Fig. 1 (b) shows the schematic configuration. The mechanism as a plant system is composed of the shaking table with a specimen, coupled onto a Y-axis actuator (horizontal direction) and two Z-axis actuators (vertical direction) by link mechanisms. The table can be horizontally and vertically shaken by applying target acceleration references. Since the motion of X-axis direction is mechanistically constrained, the system has 3-degrees-of-freedom in the table motion. Figure 2 shows a block diagram of simulator that is integrated by the multibody dynamics software (MBD software: RecurDyn) and MATLAB/Simulink, where r a : acceleration reference for ith actuator, C: feedback and feedforward compensators for uni-axis actuator, f : excitation force, and y d displacement of actuator. The shaking table mechanism including table, specimen, and links can be modeled by MBD software, while each axis control system including controller and plant as physical model of actuator is simulated by MATLAB/Simulink. In the part of MBD software, the table motion is numerically simulated on the basis of the calculated excitation force for each axis actuator, where several states, e.g. piston displacements, can be detected. At the same time, the excitation forces are calculated on the basis of acceleration references and piston displacements in the MATLAB/Simulink part.
Configuration of simulator

Modeling of shaking table system
3.1. Configuration of uni-axis actuator Figure 3 indicates an illustrative system configuration of a common actuator system. A piston in the cylinder as an actuator is driven by a power amplifier through a servo valve, where the actuator is conventionally controlled by a feedback and a feedforward compensators using the measured displacement. In the shaking table, since the target signal is acceleration to reproduce the accurate vibratory response, feedforward integrators are applied to the acceleration reference for a displacement control system.
Modeling of uni-axis actuator
The following is the mathematical formulations for the actuator system.
Power amplifier and servo valve
The power amplifier can be approximated by a constant gain within the control bandwidth. On the other hand, the servo valve can be characterized by a second-order lag system as follows:
where u: control input, q m : output flow rate of servo valve, K sv : gain of power amplifier and servo valve, ω sv : natural angular frequency of servo valve, and ζ sv : damping coefficient of servo valve. Cylinder By assuming the motion of piston near the center of piston, a mathematical model of the cylinder is given as: 
Excitation force f generated by the actuator is given by:
Piston, coupling and table Characteristic of the coupling which connects piston and table can be assumed as a rigid body, since the natural frequency exists in the higher frequency range. Relationship between the piston displacement y d and the table acceleration y a , therefore, is given as:
The table is driven by the force of actuator through the coupling, where the effect of friction acting on the piston can be excluded, since the friction force is small enough comparing to the driving force. The mechanical motion, therefore, can be formulated by the following kinetic equations:
Based on the mathematical models above, Fig. 4 shows an actual block diagram of the mathematical model in the frequency domain with Laplace operator s, where the model parameters are identified by curve-fitting on the basis of the measurement frequency responses. Table 2 lilsts the identified parameters of actuator, where each actuator is set as the same parameters. Here, the dynamics of actuator shown in Fig. 4 is implemented and calculated in the MAT-LAB/Simulink, while the kinetic equation of Eq. (5) is actually calculated by MBD software. Figure 5 shows a model matching 2-degrees-of-freedom control system for the actuator, where G p (s) = compensator, r a : acceleration reference, r d : displacement reference, u f b : output of C(s), and u f f : output of feedforward compensator. Feedback gains are designed to ensure the sufficient system stability, where the gain-crossover frequency is set as of 5 Hz in this research. F(s) is designed as a 3rd order lowpass filter to allow the feedforward compensator to be proper, where the filter parameters are set to satisfy the servo characteristic up to 10 Hz. The reference r d is generated by r a through the C c (s), which is directly specified as the seismic waveform ). Figure 6 shows servo characteristics of acceleration response for the reference r a , where broken lines indicate as an experimental result, and solid lines indicate a simulation model. From the figure, the servo characteristic with the amplitude of 0 dB can be satisfied up to 10 Hz, while the simulation model can be reproduced by the actual dynamics of actuator.
Basic control system of actuator
Modeling of shaking table mechanism
Shaking table mechanism including table, specimen, and link couplings is modeled by MBD software. At first, 3D solid models of each part are constructed on the basis of the drawings of Fig. 1 by using a 3D CAD software (SolidWorks, Dassault Systemes SolidWorks Corp.). Then, the models are imported to MBD software. In MBD software, analysis conditions (FunctionBay K.K., 2014) are set as shown in Fig. 7 , where the rotational constraint conditions around a X-axis θ x are set to link couplings and the translation constraint conditions in Y-axis or Z-axis direction are set to piston parts. The motion of table and specimen is restricted by these constraint conditions at Y-Z plane. Excitation forces f calculated by MATLAB/Simulink are given to piston parts, while the piston displacement and velocity are transferred to MATLAB/Simulink. All parts are defined as rigid body. The solver in the MBD software (FunctionBay K.K., 2014, Suzuki et al., 2002) is used for the calculation of motion and numerical integral. By using the above CAD software for the modeling, the actual specimen and/or mechanisms can be easily constructed and modified without complicated mathematical model. 
Evaluations of simulator
The simulator in Fig. 2 has been evaluated by comparative numerical simulations with experiments using the laboratory prototype shown in Fig. 1 . Experimental conditions are:
• acceleration reference is a random acceleration waveform which includes the frequency component from 1 to 10 Hz,
• acceleration responses of each actuator are detected by acceleration sensors attached at link couplings, In order to verify the general versatility, the different specimen is installed on the table. Figure 10 shows a configuration, while Table 3 lists the dimension. Figure 11 shows the comparative results, where the same acceleration reference as in Fig. 8 are used as shown in black lines in Fig. 11 (a) . From these results, the simulator can also reproduce the experimental acceleration waveforms in the case of different specimen. Actually, small differences exist between simulation and experiment in Figs. 8, 9 , and 10. These differences are mainly caused by the nonlinear components due to friction or backlash at the link parts and slight dimension error of 3D model. Although these factors cannot be completely modeled, these differences do not become a critical problem to generate a compensation signal in the next section. 
Design of compensation signal by iterative learning control on simulator
In order to compensate for the effect of disturbance on the table without repetitive experiments using actual shaking table, the compensation signal is designed by iterative learning manner on the simulator. In this paper, the compensation signal u l can be generated to correspond the displacement reference r d to the piston displacement response y d by an iterative learning control method. Figure 12 shows a block diagram of the simulator for the shaking table system including the iterative learning controller, where subscript k: trial number of iterative learning, subscript i: number of actuator, e k (=r d − y d ): kth error, W(s): learning law, and C a : feedforward and feedback compensators for each actuator shown in Fig. 5 . The compensation signal u l can be generated by multiplying a learning law W(s) by the error e so that e converges to zero. Notice here that u l is set as of 0 at the first trial.
The relationship between k + 1th and kth errors is given as follows ):
where G(s) represents the transfer function of actuator. Here, e k can converges to zero, if Eq. (6) satisfies the following condition.
By satisfying Eq. (7), the following learning law W(s) allows the error e k to converge to zero with minimum number of trials, achieving the coincident between reference and response.
From Fig. 4 , G(s) can be expressed as follows: 
where the servo valve model is approximated as gain component K sv since the cut-off angular frequency of servo valve is higher than input acceleration frequency up to 10 Hz. In addition, the mass M can be expressed as the following equation since the piston, table, and specimen can handle as a rigid body.
The following lowpass filter F i (s) is actually added to G −1 (s). Figure 13 shows an example of simulation results in Z-axis actuator-2, while Fig. 14 shows compensation signals for each trial. In these figures, black lines indicate the 1st trial without learning, blue lines indicate the 2nd trial using compensation signal u l2 , and red lines indicate the 5th trial using compensation signal u l5 . From these results, the disturbance due to the rotational motion can be suppressed by the 5th trial. The calculated compensation signals are stored as time-series data with sampling time 0.2 ms, where the sampling time is equal to the time of implemented compensators.
Experimental Verifications
Effectiveness of the proposed approach has been verified by experiments using the laboratory prototype. Experimental conditions are the same as in Figs. 8, 9 , and 11, while compensation signal u l5 shown as red line in Fig. 14 Table 4 lists the quantitative results of error spectrum between reference and response, where the error area without compensation is normalized as 1.0 in each case. From these results, the acceleration responses has been precisely reproduced for the references. In addition, the effects of the disturbance on the table caused by the moment have been suppressed in all results. As described in section 3.5, since the errors actually exist between the experiment and the simulation, the disturbances cannot be completely suppressed. As a result, the errors for each case are still remaining. Although these errors should ideally become zero, it is actually difficult to achieve the results under the existing of modeling error such as dimension error and/or nonlinearities due to friction and backlash. In order to more improve the suppression performance, it is necessary to combine the proposed approach and other approach such as the improvement of feedback control performance for each actuator or implementations of adaptive algorithm in the future work.
Conclusions
This paper presented a compensation approach for the disturbance due to the rotational motion of the table in the multi-axis shaking table systems. In the approach, the shaking table mechanism including the specimen was modeled using MBD analysis, where precise simulator including control system and the mechanism was constructed by integrating MBD software and MATLAB/Simulink. Based on the simulator, compensation signals that can cancel the disturbance were generated by an iterative learning control on the simulation, where the compensation signals were stored as the time-series data. By adding the compensation signals to the control input, the disturbance due to the rotational motion was compensated without repetitive trial excitations. As a result, the reproducibility of acceleration waveforms was successfully improved. The effectiveness of proposed control approach was verified by experiments using a laboratory setup. Although this approach is not applicable to the specific specimen that the characteristics change during seismic test, it has an advantage which does not need repetitive excitation in experiments. As the future work, it is necessary to verify (c) Z-axis actuator-2 Fig. 17 Experimental waveforms of acceleration responses and power spectra for different specimen in horizontal excitation. Table 4 Ratio of error spectrum area due to overturning moment.
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